Defective endothelium is a key event in the development of atherosclerosis in diabetes: alteration of the L-arginine-nitric oxide (NO) pathway has been suggested. We propose a modeling approach of the L-arginine-NO pathway in vivo in both control and type 2 diabetic subjects based on the intravenous bolus injection of L- L-15 [N]arginine administration; no differences were found in the tracerto-tracee ratio in each urine collection. However, the NO synthesis in plasma from arginine was lower (P ‫؍‬ 0.05 for the noncompartmental and 0.1208 for the compartmental analysis, by Mann-Whitney test) in diabetic patients than in control subjects when expressed both in absolute terms (50% decrease) and as percentage of NO turnover (30% decrease). This new modeling approach of L-arginine-NO pathway provides a detailed picture of arginine kinetics and nitrate metabolism. From our data, it appears that noncomplicated type 2 diabetic patients have a decreased conversion of arginine to NO. Diabetes 52:795-802, 2003 E ndothelial dysfunction is a possible culprit of the accelerated atherosclerosis in diabetic patients. Several different mechanisms negatively act on endothelial function (1). The assessment of endothelial function in humans can be achieved by the measurement of 1) morphological and mechanical characteristics of the vascular wall, 2) circulating levels of soluble markers, and 3) the endothelium-dependent regulation of vascular tone (2). Most of these approaches provide indirect evidence of an impaired nitric oxide (NO) production, and none is specific for the measurement of NO synthesis.
blood pressure was determined with a sphygmomanometer in the nondominant arm in the sitting position. Instructions were given to collect all urine for the following 48 h. At home, patients completed urine collections in prewashed 2 l polypropylene bottles containing 5 ml of 5 mol/l sodium hydroxide to prevent reduction of nitrate for the periods 0 -6, 6 -12, 12-24, and 24 -48 h after dosing. The urine volume was measured and a sample from each collection stored at -80°C until analysis for nitrate. Blood samples were stored at -80°C until analysis. Analytical measurements. Plasma glucose was measured with a glucose oxidase method (Glucose II analyzer; Beckman, Brea, CA), whereas HbA 1c was determined by a chromatographic technique (normal range 4 -6.5%). Insulin and C-peptide were measured by conventional radioimmunoassay.
Labeled nitrates were assayed according to the method of Green et al. (9) . Then, 500 l plasma, 1 ml benzene, and 1 ml H 2 SO 4 were added. Samples were vortexed for 15 min, centrifuged, and the organic phase transferred and filtered through Silica Sep-Pack Cartridges (Water Associates, Milan, Italy). The eluates were then dried under nitrogen stream until a final amount of 100 l was obtained. This allows the analysis of [ 15 N]-to-[ 14 N]nitrobenzene. The residue was injected onto a gas chromatograph isotope ratio mass-spectrometry (IRMS) (Delta Plus; Finnigan, San José , CA). The gas chromatographic separation was on a Hewlett Packard 5MS capillary column (length 30 m, internal diameter 0.25 mm) using a carrier flow of helium of 25 ml/min and an oven temperature program from 60 to 120°at 16°/min. Retention time was 4.8 min. [ 15 N] and [ 14 N]nitrobenzene were eluted and converted to nitrogen gas by combustion at 1,000°C and analyzed by continuous-flow gas IRMS. The precision of the 15 N-to-14 N ratio measurement was Ϯ0.0003%. A calibration curve was prepared by spiking plasma containing a known amount of 14 N nitrates with various amounts of 15 N nitrate. Unlabelled nitrates were assayed as previously described using a chromatographic system (10) . All determinations were done in duplicate. The concentrations were obtained using a calibration curve with increasing amount of nitrates.
L-[
15 N]arginine in plasma has been determined according to the method of Castillo et al. (11) . The spectrometric analysis was accomplished in chemical ionization mode at 314, 315, 316, 317, 318, and 319 m/z. Total arginine content was assayed with high-performance liquid chromatography. Data analysis. The tracer-to-tracee ratios of plasma arginine (ttr 1 ) and urinary nitrate (ttr 3 ) were evaluated from ion current ratios (13) . From ttr 3 , urinary nitrate concentration C 3 (tracer ϩ tracee) and urinary volume V 3 (in milliliters), the amount of tracer (q 3 , in micromoles per liter) and tracee (Q 3 , in micromoles per liter) in the urine collected at different sampling times were evaluated using the following equations.
Arginine kinetics. A noncompartmental analysis was applied to quantify arginine kinetics (13) . Briefly, a multiexponential model was fitted to plasma arginine ttr, as follows:
We estimated arginine mass in the accessible compartment Q 1 , distribution volume of the accessible arginine compartment V 1 , rate of arginine appearance in the accessible compartment, and arginine plasma clearance rate according to conventional tracer kinetic method (13) . Arginine-NO system. A schematic map of the arginine-NO system is shown in Fig. 1 , including the accessible arginine pool (compartment 1), the plasma NO pool (compartment 2), and the accessible urinary nitrate pool (compartment 3). Plasma NO derives either from plasma arginine or from other sources, e.g., diet, and is lost either by excretion in the urine or via alternate pathways (14) . The conventional formula. The flux of NO synthesis from arginine, k 21 Q 1, was first quantified by adapting the formula (originally proposed for a constant tracer arginine infusion [3] ) to the arginine tracer experiment. According to this formula, k 21 Q 1 can be estimated by multiplying the total amount of tracer NO measured in the urine collected up to the end of the experiment, q 3 (T), normalized to arginine tracer dose by arginine rate of appearance, as follows:
where the factor 1.67 accounts for the incomplete urinary recovery due to alternate NO losses.
In the Appendix, equation 3 has been derived based on a noncompartmental analysis of the arginine-NO system. This analysis highlights the assumptions underlying the formula and provides formulas to quantify: urinary NO excretion k 32 Q 2 (in micromoles per hour), NO appearance rate in plasma from sources other than arginine P (in micromoles per hour), total NO appearance rate in plasma k 21 Q 1 ϩ P (in micromoles per hour), and NO synthesis from arginine normalized to total NO appearance rate k 21 Q 1 %. The quantification of k 21 Q 1 and P requires a priori knowledge of the percentage of urinary loss, whereas that of k 32 Q 2 and k 21 Q 1 % does not. Compartmental modeling approach. The above formula to derive k 21 Q 1 assumes that the underlying structure ( Fig. 1) is valid, without testing it on the data. A more robust approach to estimate model parameters is to fit the compartmental model of Fig. 1 on all available experimental data.
Tracer model equations are as follows:
where overdot denotes derivative with respect to time; q 1 (t), the amount of arginine tracer in compartment 1, is the known input; q 1 (t) ϭ ttr 1 (t)Q 1 , y 1 is the measured amount of tracer in the urine; and k 21 , k 32, and k 02 are unknown model parameters. Tracee model equations are as follows:
where y 2 is the measured amount of tracer in the urine.
The tracer-tracee model is a priori nonidentifiable (13) . Only some parameter combinations are uniquely identifiable, namely k 32 k 21 , k 32 ϩ k 02 (from tracer model), and k 32 Q 2 (from tracee model). From these combinations and knowledge of Q 1 , the percentage NO synthesis from arginine k 21 Q 1 %, the nitrate residence time (h) in plasma and the fractional synthetic rate (FSR) (in hours Ϫ1 ) of arginine to NO can be quantified, as follows: 
Identification of other model parameters requires the use of a priori knowledge, i.e., to assume that NO urinary excretion accounts for 60% of total NO loss. Under this assumption, k 21 , k 32, k 02 , and Q 2 are uniquely identifiable. Then, P can be calculated from equation 5.
Calculations. A one-, two-, and three-exponential model were fitted to arginine ttr data by using SAAM II software (15) . Weights were chosen optimally, i.e., equal to the inverse of the measurement errors, assumed to be Gaussian, independent with zero mean, and with a constant coefficient of variation, which has been estimated a posteriori. The best exponential model was selected on the basis of criteria such as the evaluation of residual errors, the precision of parameter estimates, and the principle of parsimony (13) . The arginine-NO compartmental model was fitted to urinary nitrate tracer and tracee data by using SAAM II (15) . Weights were chosen as before, and the selected multiexponential model of arginine ttr was used to specify the tracer model input, which was assumed to be noise-free. Statistics. All values are stated as the mean Ϯ SD. Comparison between groups was performed by the Mann-Whitney test. A two-tailed probability value Ͻ0.05 was considered statistically significant.
RESULTS
Fasting plasma unlabelled arginine concentration was 64 Ϯ 4 mol/l in control subjects and 73 Ϯ 6 in diabetic patients (NS). No differences were observed in arginine ttr between the two groups ( Fig. 2) . In all subjects, the one exponential model failed to described data. Both the twoand three-exponential model provided a reasonable fit, yet the former was superior in terms of both model parsimony and parameter precision. Thus, it was selected as the best representation of arginine data. Its average predictions are shown in Fig. 2 , superimposed to the data. Values of its parameters, together with arginine kinetic parameters ( Table 2 ), indicate no difference between the two groups. As shown in Table 3, [ 15 N]nitrates were detectable in the urine up to 48 h from the tracer administration; no significant differences were found in all parameters of Table 3 between groups, even if tracer masses tend to be lower in diabetic patients.
Based on the model of Fig. 1 , noncompartmental and compartmental analyses were applied to these data. As shown in Fig. 2B and C, the compartmental model was able to fit both tracer and tracee data reasonably, provided that a delay was introduced between arginine tracer disappearance from plasma and tracer nitrate appearance in the urine. The delay, estimated in each individual, averaged ϳ3 h in control subjects (1-5 h) and ϳ2 h in diabetic patients (0 -4 h).
Values of NO synthesis from arginine (k 21 Q 1 ), urinary NO excretion (k 32 Q 2 ), and NO appearance in plasma from sources other than arginine (P) were similar when estimated by the two approaches (Tables 4 and 5 ). k 21 Q 1 was lower (P ϭ 0.05 for the noncompartmental and 0.1208 for the compartmental analyses) in diabetic patients than in control subjects when expressed both in 
TABLE 2
The two-exponential model and noncompartmental parameters of arginine kinetics (Table 5 ) since arginine mass Q 1 is similar in the two groups (Table 2 ). k 32 Q 2 and P are similar in the two groups (Tables 4 and 5) , as well as compartmental parameters k 32 , Q 2 , and (Table 5) , whereas the FSR is lower in diabetic patients than in control subjects, although not significantly. The parameters for each subject can be found in an online appendix at http://diabetes.diabetesjournals.org.
DISCUSSION
We proposed for the first time a noncompartmental and compartmental modeling analysis of the arginine-NO pathway in vivo in humans. With this approach, relevant parameters of the arginine-NO system can be identified, as well as the conversion of arginine to nitrates, the nitrate rate of appearance in plasma from sources other than arginine, the nitrate rate of appearance of in the urinary compartment, and the residence time of plasma nitrates. This approach is valuable because the total body nitrate pool is replenished by different sources (14) . Different 15 N]arginine data to derive parameters of arginine kinetic. The conventional approach to estimate arginine conversion to NO was then revisited in the noncompartmental model framework. This allowed us to clarify the underlying assumptions and to estimate a number of noncompartmental parameters by coupling total nitrate and [
15 N]nitrate excretion in the urine with the available information on arginine kinetics. Finally, we moved to the compartmental analysis of the arginine-NO system, which uses all of the available measurements and provides a more detailed description of the system. Arginine kinetics. The noncompartmental analysis of plasma arginine ttr was performed by adopting a twoexponential model (Fig. 2A) . Hence, arginine kinetic parameters were estimated. Its average plasma appearance was 54.4 Ϯ 10.7 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 in control subjects and 46.3 Ϯ 7.8 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 in diabetic patients, similar to values obtained by Castillo et al. (3, 11) , but lower than those obtained by Wever et al. (16) . The description of its kinetic by a two-exponential model testifies the presence of a compartmentalization of this amino acid at both organ and subcellular levels (17) . Noncompartmental analysis of the arginine-NO system. With this approach, we have first derived the simple formula to calculate NO synthesis from arginine (k 21 Q 1 ), originally proposed (3) for the tracer continuous infusion. The derivation of the formula in a noncompartmental framework highlights the underlying assumptions regarding the extent to which the tracer is irreversibly lost before reaching the urine pool. Consistently with Castillo et al. 
DIABETES AND L-ARGININE-NO KINETICS
(3,18), we have assumed that only 60% of plasma nitrates reaches the urine, 40% being lost via alternative pathways. Moreover, our analysis evidenced that the amount of [ 15 N]nitrate must be quantified in the urine collected for a time long enough to guarantee that the measurement well approximates its maximum level, theoretically reached at time infinity. Urine was collected up to 48 h following the tracer bolus, when tracer mass well approximates its plateau level (Fig. 2B) . With this analysis, additional parameters can be estimated: NO production from sources other than arginine (P), total NO turnover (k 21 Q 1 ϩ P), and urinary NO excretion (k 32 Q 2 ). Hence, NO synthesis from arginine can then be expressed as a percentage of total NO turnover, k 21 Q 1 % ϭ k 21 Q 1 /(P ϩ k 32 Q 2 ). Our analysis reveals that k 32 Q 2 and k 21 Q 1 % can be expressed directly as a function of the measurements (Appendix equations A4 and A5), apart from any assumption on the ratio between urinary and non-urinary nitrate loss, which is conversely necessary to evaluate k 21 Q 1 and P (Appendix equations A6 and A9). k 21 Q 1 was 0.019 Ϯ 0.007 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 in control subjects and 0.009 Ϯ 0.002 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 in diabetic patients and accounts for 0.035 and 0.019%, respectively, of arginine plasma turnover. Previous figures (3, 6, 17) corroborate the finding that only a small percentage of total arginine pool is converted to NO. This study supports the finding of Castillo et al. (3), who showed that NO synthesis represents only 1.2% of the flux of plasma arginine in adults. The fraction of NO synthesis from arginine agrees also in terms of daily amino acid intake; the same group given 28 mmol arginine per day, a figure similar to our estimated intake, found a fractional conversion of labeled arginine to nitrates of 1.95% (18) . They found that the contribution of arginine to NO based on intravenous [ 15 N]arginine infusion is lower than that obtained with intragastric infusion (18) . This dissimilarity may be explained by the significant compartmentation of this amino acid (19) . Another possible cause for the lower conversion of arginine to NO observed in diabetic patients could be the presence of a competitive inhibitor of NO synthase. It was found that the asymmetric dimethylarginine is increased in type 2 diabetic patients (20) .
Total NO turnover (Appendix equation A8) is 0.62 Ϯ 0.16 mol ⅐ kg Ϫ1 ⅐ h Ϫ1 in control subjects and 0.52 (6) with urinary NO output 32-35 mol/h, which, after corrected by 1.67 to account for the nonurinary nitrate loss and expressed as mol ⅐ kg Ϫ1 ⅐ h Ϫ1 , gives an estimate of total NO turnover equal to 0.75. Compartmental analysis of the arginine-NO system. This approach required postulating the model structure of Fig. 1 . Tracer and tracee mass balance in the various compartments is expressed by differential equations (equations 4 -5) , where the rate constants among compartments and tracee mass in compartment 2 are model parameters to be estimated from the data. The multiexponential model of arginine ttr data was used to specify the tracer model input and to avoiding the difficult task of postulating the compartmental structure of arginine kinetics. Tracee   TABLE 5 Compartmental parameters of the NO system
Control subjects Mean 2.61 (9) 0.47 (10) 7.0 (17) 0.391 (12) 0.016 (9) 0.111 (17) 0.074 (17) 0.018 (9) 4.14 (26) 
A. AVOGARO AND ASSOCIATES
input is the arginine flux to NO and NO production, occurring in plasma. In reality, NO can be synthesized also in the kidney; the proximal tubule produces nitrates because at this level there is a substantial reabsorption of these compounds (14) . However, this production appears to be trivial because the measured nitrate enrichment is similar to the urinary plasma enrichment (data not shown). Model parameters were estimated by using all of the available data, e.g., cumulative tracer and tracee masses in the urine at the various collection times. Figure 2A and B indicate that the model is able to reproduce the data. A delay, estimated equal to ϳ3 h in normal subjects and ϳ2 h in diabetic patients, was introduced between arginine tracer disappearance from plasma and tracer nitrate appearance in the urine. Among compartmental parameters, summarized in Table 5 , k 21 Q 1 %, FSR, , and k 32 Q 2 can be expressed as a function of uniquely identifiable parameter combinations. k 21 Q 1 % and k 32 Q 2 have the same meaning and assume similar values as their noncompartmental counterparts. FSR is a parameter widely used to characterize the synthesis of a product from a precursor and measures the rate of NO synthesis from arginine per unit of NO mass. Its value indicates that only a small fraction of NO mass, 0.47 Ϯ 0.09% in normal subjects and 0.33 Ϯ 0.13% in diabetic patients, is derived per hour from arginine. The estimated residence time of plasma nitrates obtained from our model was 7.0 Ϯ 1.9 h in control subjects and 9.0 Ϯ 2.8 h in diabetic patients, figures higher than those reported from Zeballos et al. (21) in dogs but similar to those obtained by Jurgenstein et al. (22) in humans. These discrepancies may suggest specie differences.
The estimation of the remaining parameters in Table 5 required that urinary loss to 60% of total loss be fixed. In addition to parameters such as k 21 Q 1 and P, which can also be recovered via noncompartmental analysis, rate constant parameters related to arginine conversion to NO (k 21 ), urinary excretion (k 32 ), and non-urinary loss (k 02 ) were estimated in each subject, as well as the nitrate pool size (Q 2 ) equal to ϳ4 mol/kg both in control subjects and diabetic patients. Noncompartmental versus compartmental approaches. The noncompartmental and compartmental analysis yield similar values of the four parameters, which can be estimated by both approaches, i.e., k 21 Q 1 , k 21 Q 1 %, k 32 Q 2 , and P. Both approaches are based on the model of Fig. 1 . The noncompartmental approach is based on a single determination of nitrate and [
15 N]nitrate in the urine and uses simple formulas. In contrast, the compartmental model approach is more demanding because it requires multiple determinations in the urine and the use of parameter estimation. However, it gives a more detailed description of the system and provides evidence for model validity, due to the agreement found between data and model prediction. Moreover, it has a more general validity, whereas the noncompartmental model approach can be applied provided that urine is collected with enough time in humans to guarantee that the cumulative tracer measurement has reached the plateau value, the compartmental model does not require this assumption and can be used even in situations where this criterion is not satisfied. The good agreement between the results obtained with the two approaches indicates that with the protocol adopted in this study-bolus injection of L-[
15 N]arginine and 48-h urine collection-the noncompartmental analysis allows a reliable quantification of the four parameters, k 21 Q 1 , k 21 Q 1 %, k 32 Q 2 , and P. If a more detailed description of the system is desired, the compartmental analysis must be adopted. NO synthesis in diabetic versus normal subjects. Our results showed that in the diabetic patients the fraction of arginine converted to NO is lower than that in control subjects. The relationship between diabetes and endothelial dysfunction is complex because of the interfering presence of other risk factors that are known to negatively affect NO production (23) in these patients. We have shown that in type 2 diabetic patients with no evidence of atherosclerotic vascular disease and without other confounding risk factors have normal endothelial function (11) . The discrepancy between the traditional techniques and the present approach may be partly explained by the capability of the former to produce complex hemodynamic interactions in the vascular milieau (24) .
Our study has limitations. This technique cannot differentiate among the different enzyme of NO synthase and assesses only the basal level of this enzyme. Moreover, other metabolic pathways of L-arginine, which include its incorporation into creatine and putrescine and other polyamines (25), were not assessed.
In conclusion we have proposed a new modeling approach of the L-arginine-NO pathway in normal and noncomplicated type 2 diabetic patients based on the bolus injection of L-[
15 N]arginine. This approach not only provides information on arginine kinetics, but also allows relevant insights into nitrate metabolism. From our data, it appears that noncomplicated type 2 diabetic patients have an altered basal L-arginine-NO pathway.
APPENDIX
Noncompartmental analysis of the arginine-NO system (Fig. 1) is based on the tracer mass balance equation in compartments 2 and 3 ( Fig. 1) , as follows:
where q 1 , q 2 , and q 3 (in micromoles) denote tracer amount of tracer in compartments 1, 2, and 3, and k 21 , k 32 , and k 02 (in hours Ϫ1 ) are the rate constants of arginine to NO conversion, urinary NO loss, and NO loss via alternative pathways, respectively.
The mass balance equation for the tracee in compartment 2, assumed to be in steady state during the experiment, allows for the following:
where Q 1 and Q 2 (in micromoles) denote the amount of tracee arginine and NO in compartments 1 and 2, k 21 Q 1 (in micromoles per hour) is the flux of NO synthesis from arginine, and P (in micromoles per hour) is NO appearance rate in plasma from sources other than arginine. Because Q 2 is assumed to be constant during the experiment, the amount (Q 3 ) (in micromoles) of tracee nitrate in the urine increases linearly with time, as follows: 
Finally, from equation A7-A8, P can be derived, as follows:
In summary, the quantification of k 21 Q 1 (equation A6) and P (equation A9) requires a priori knowledge of the percentage of urinary loss, whereas the quantification of k 32 Q 2 (equation A4) and k 21 Q 1 % (equation A5) does not.
